The continuous exposure of cats to diverse influenza viruses raises the concern of a potential role of cats in the epidemiology of these viruses. Our previous seroprevalence study of domestic cat sera collected during the 2009 H1N1 pandemic wave (September 2009-September 2010) revealed a high prevalence of pandemic H1N1, as well as seasonal H1N1 and H3N2 human flu virus infection (22.5%, 33.0%, and 43.5%, respectively). In this study, we extended the serosurvey of influenza viruses in cat sera collected post-pandemic (June 2011-August 2012). A total of 432 cat sera were tested using the hemagglutination inhibition assay. The results showed an increase in pandemic H1N1 prevalence (33.6%) and a significant reduction in both seasonal H1N1 and H3N2 prevalence (10.9% and 17.6%, respectively) compared to our previous survey conducted during the pandemic wave. The pandemic H1N1 prevalence in cats showed an irregular seasonality pattern in the post-pandemic phase. Pandemic H1N1 reactivity was more frequent among female cats than male cats. In contrast to our earlier finding, no significant association between clinical respiratory disease and influenza virus infection was observed. Our study highlights a high susceptibility among cats to human influenza virus infection that is correlated with influenza prevalence in the human population.
Introduction
Influenza is a highly contagious viral infection caused by influenza A viruses that infect both humans and animals. Although influenza A viruses are generally host-specific, interspecies transmission has been reported among different species worldwide [39] .
The susceptibility of cats to human H2N2 and H3N2 [11, 24] , seal H7N7 and avian H7N3 viruses [11] was initially reported in the 1970s. Epidemiological studies of influenza in cats have been limited, and recent studies of influenza in cats have primarily focused on the highly pathogenic avian influenza (HPAI) H5N1 and H7N7, and more recently the 2009 pandemic H1N1 virus. Experimental infections have demonstrated that cats are susceptible to the (HPAI) H5N1 and H7N7 [3, 35] and the 2009 pandemic H1N1 [33] influenza viruses. Infected cats developed respiratory signs and lesions that were similar to those observed under natural circumstances, and viral shedding occurred via the respiratory and digestive tracts. Both natural and experimental infections of influenza viruses in cats support the possibility of lateral transmission [2, 8, 33] and adaptation of these viruses, with a concern of evolution to more virulent strains for cats and other mammalian species.
Though susceptibility of cats to the human H3N2 subtype was noted in the early 1970s with serological evidence of the human H3N2 subtype infection in cats during human epidemics [10, 18] , no further research was pursued to investigate the prevalence of human influenza virus subtypes in cats until recently [1, 10, 25] . Moreover, recent reports showed that cats are susceptible to low pathogenic avian influenza viruses such as H1N9 and H4N6 subtypes isolated from shorebirds and to avian H9N2 viruses [7, 28, 40] . Interspecies transmission of canine influenza H3N2 virus was also reported in cats [12, 13, 28] . Infections with low pathogenic avian influenza strains were associated with lung lesions and shedding of viruses without clinical signs. These findings indicate a potential role of cats as a source of infection to other animals and human beings. It is also worth noting that recent reports highlighted the efficient replication of low pathogenic avian influenza viruses in wild-caught house mice without adaptation [27] . The transmission of such viruses to cats via ingestion of infected mice, similar to that observed upon ingestion of HPAI H5N1 infected bird carcasses [23] , is another possible trans-species pathway of influenza virus spread.
Serological surveys conducted in Italy using nucleoproteinspecific competitive enzyme-linked immunosorbent assay (ELISA) to screen cat sera collected from 1999 to 2005 [17] , and sera collected from 2004 to 2008 [21] showed no evidence of influenza antibodies. On the other hand, recent serosurveys using ELISA indicated the presence of influenza specific antibodies in the sera of domestic cats, although the prevalence was low (1.5-2.5%) [4, 6, 9, 13, 30] . The differences in sample collection time and exposure, as well as the poor repeatability and low sensitivity of the NP-based ELISA [1] may explain the low prevalence or failure to detect influenza infection in previous studies using different ELISA assays.
Serosurveys using hemagglutination inhibition (HI) assay during 1997-2008 in Japan and the United States [1, 15] demonstrated a higher prevalence of seasonal human H3N2 influenza viruses than earlier studies using ELISA. Moreover, a surprisingly high prevalence of the 2009 pandemic H1N1 influenza virus was detected in cat sera collected during and after the pandemic wave than in the pre-pandemic period [1, 15] . Considering the high sensitivity and specificity of the HI test [5] , these findings provide clear evidence of routine exposure of cats to human influenza viruses. The unpredictable nature of influenza viruses together with the paucity of both experimental infection and seroprevalence studies in cats have made it difficult to determine their potential role in the epidemiology of influenza A viruses.
In this study, we extended our previous serosurvey [1] of seasonal and pandemic human influenza infection in cats to assess seroprevalence in the post-pandemic phase starting from the 2011 spring season to the summer season of 2012 (June 2011 to August 2012). The data were analyzed based on the collection date, sex, age, and health status of the tested cats at the time of sampling.
Materials and Methods

Serum sampling
Serum samples (n = 432) were collected between June 2011 and August 2012 from domestic cats that presented to the Ohio State University Veterinary Medical Center. Date of sample collection, sex, age, and presenting complaint were obtained from the medical history. Fig. 1 shows number of samples collected based on sex and age. In this study, cats that presented to the clinic with complaints unrelated to the respiratory system accounted for 57.6% of the samples, including gastrointestinal, cardiac, urinary, tumor and metabolic disorders. The remaining cats were those that presented with respiratory signs (9.1%) and for wellness care (33.3%). When ≥ 2 samples from the same cat were obtained, they were considered independent if they remained negative with at least a 30 day interval. For positive samples, subsequent samples from the same animal were not counted when determining the prevalence rate.
Viruses and control sera
Pandemic H1N1 (A/OH/0925-1/09), seasonal H1N1 (A/Ohio/K1130/06) and H3N2 (A/human/Ohio/06) viruses were obtained from the Ohio Department of Health (Reynoldsburg, OH). Stocks of the viruses were prepared in eggs or Madin-Darby canine kidney (MDCK) cells and used in the HI and virus neutralization assays described below. Positive control sera against pandemic H1N1 and seasonal H1N1 and H3N2 viruses were previously prepared in our laboratory [1] .
Hemagglutination inhibition and virus neutralization tests
The hemagglutination inhibition (HI) test was carried out according to the World Organization for Animal Health Manual [38] with minor modification. Briefly, all sera were heat inactivated at 56 o C for 30 min. We previously found no significant difference in HI titers between serum samples treated with receptor-destroying enzyme (RDE) and untreated samples [1] . Thus, samples were not treated with RDE to avoid initial dilution of the serum samples. Two-fold serial dilutions of sera were mixed with an equal amount of 8 hemagglutination units (HAU) of each virus, after which the mixture was incubated at room temperature for 30 min. The HI reactivity was determined by addition of 1% turkey red blood cells. A cut-off value of ≥ 4 log 2 (1 : 16) HI titers was considered seropositive for any of the tested influenza subtypes. A subset of HI positive sera was confirmed by the virus neutralization (VN) test. Six positive serum samples for each subtype with HI titers ≥ 40 were included. The VN test was performed as previously described [31] , and the titers were expressed as the reciprocal of the highest serum dilution giving complete inhibition of the virus growth.
Statistical analysis
To determine the relationship between patient demographics and seropositivity as the response variable, univariable and multivariable linear and logistic regression and multinomial logistic regression models were used. The outcome (i.e., seropositivity) was a binary variable, while predictors of seropositivity were either dichotomous variables (sex), continuous variables (temperature and age), or categorical variables (health status). Analyses were conducted using the STATA (ver. 10.1) software (StataCorp, USA). The Spearman rank correlation coefficient was calculated to estimate the correlation between the HI and VN titers. One way ANOVA was used to determine the significance of differences (p ＜ 0.05) between the log 2 HI antibody titers against three tested strains.
Results
Seroprevalence of human influenza viruses in domestic cats in Ohio
The post-pandemic seroprevalence of pandemic H1N1, and the seasonal H1N1 and H3N2 viruses is shown in Fig. 2 . The pandemic H1N1 showed higher prevalence of 33.6%; however, the prevalence of both seasonal H1N1 and H3N2 were significantly reduced to 10.9% and 17.6%, respectively, compared to seroprevalence during the pandemic wave (22.5%, 33.0%, and 43.5% for pandemic H1N1, seasonal H1N1, and H3N2, respectively). The average log 2 HI titers against the seasonal H3N2, H1N1 and pandemic H1N1 subtypes were 4.3 ± 0.5, 5.3 ± 1.3 and 5.6 ± 1.3, respectively (Fig. 3) . The HI titers against the pandemic H1N1 were significantly higher than those of the seasonal H3N2 viruses, but the difference between the pandemic and seasonal H1N1 viruses was not significant. Of the 432 total serum samples tested, 232 cats (53.7%) were negative for all three influenza virus subtypes tested and 144 (32.9%) were positive for one of the influenza virus subtypes tested, while 49 (11.1%) and 10 (2.3%) samples were concurrently positive for two and three influenza virus subtypes, respectively. The HI antibody titers were confirmed to be subtype specific as indicated by a positive correlation of both HI and VN antibody titers (Spearman correlation coefficient 0.52, p = 0.01).
Predictors of influenza virus seropositivity in cats
Similar to our previous observations [1] , statistical analysis showed that age remains a non-significant predictor for seropositivity of any of the subtypes of influenza tested. Though not statistically significant, we observed a higher prevalence of seasonal H3N2 influenza in geriatric cats aged above 15 years than to other influenza subtypes tested (Fig. 4) .
As shown in Fig. 2 and indicated by multivariable analyses using the seropositivity as binary data (influenza virus positive/negative) to determine the association between variables of interest and the probability of testing positive to influenza virus, no significant association was observed between the average monthly temperature (i.e. seasonality) and the probability of being seropositive to at least one influenza virus subtype. However, seropositivity increased during the winter and spring seasons of 2012. We also observed an increased prevalence of the pandemic H1N1 in the late spring and summer seasons of 2012 (Fig. 2) .
When compared to the serosurvey we conducted on cat sera during and right after the pandemic wave in humans, gender was shown to be a significant predictor of the pandemic H1N1 seropositivity during the post-pandemic period, with female cats having higher probability to test positive for influenza viruses than male cats (OR = 1.9, 95% CI = 1.4-5.3, and logistic p = 0.05). Univariable analysis indicated that the health status of the cats is a non-significant predictor for influenza virus seropositivity of any subtype (logistic p ＞ 0.2). However, it should be noted that the majority of cats tested in this study presented for wellness care or with non-respiratory signs (about 91%), while only a small number of samples were from cats with signs of respiratory disease (9.1%) ( Table 1) .
Discussion
The infection of domestic cats with influenza viruses of different origins, including avian, and recently with the 2009 pandemic H1N1 has been reported. These reports along with the history of close contact of cats with the infected humans or birds in most of the reported cases [8, 29, 33] have raised the concern that companion animals may act as host species contributing to the adaptation of avian viruses in mammals as well as a potential reservoir of mammalian influenza viruses to human beings. There have been several serosurveillance studies conducted in the United States, but few have indicated a high prevalence of human influenza virus infection in cats [1, 15] .
To investigate possible changes in the prevalence of the seasonal human and pandemic H1N1 influenza viruses in cats, especially after the pandemic H1N1 wave, we extended the serosurvey of human influenza virus infection in cat sera collected during the post-pandemic wave between the spring of 2011 and the summer of 2012. When compared to the situation in human beings, in which the 2009 pandemic H1N1 virus was the predominant virus during the 2010-2011 post-pandemic season and then drastically decreased in the 2011-2012 season [19] , the prevalence of pandemic H1N1 in cats were higher (33.6%) than those we reported during and immediately after the pandemic wave in the same geographical region [1] . Moreover, the prevalence of seasonal H1N1 and H3N2 (10.9 and 17.6%, respectively) were significantly lower than previously reported [1, 15] .
The low prevalence of the seasonal H1N1 and H3N2 human influenza viruses observed in the current study indicate that the dominance of 2009 pandemic H1N1 over the seasonal flu viruses in the post-pandemic wave that was seen in humans may be reflected in cats because there is more frequent pandemic H1N1 virus transmission from humans [16] . This competitive advantage may be because cats are naïve to pandemic H1N1, while many cats have some immunity to seasonal flu viruses. Differences in the receptor binding pattern of pandemic H1N1 and seasonal influenza viruses seen in vitro may reflect the susceptibility of the cats [14, 34] . A similar trend of pandemic H1N1 dominance was also observed in humans during the 2009 -2010 and 2010-2011 influenza seasons, which was suggested to be due to cross-protective immune response specific for the pandemic H1N1 stalk region, which is highly conserved in the two H1N1 strains [16] . Additionally, antibodies against the same subtype of neuraminidase protein in both strains may have further reduced the spread of the less virulent seasonal H1N1 strain [16, 20] .
Similar to the prevalence during and immediately after the pandemic H1N1 wave in cats, pandemic H1N1 in cats seems to be irregular without showing typical seasonality pattern of influenza in humans. There was an increase in pandemic H1N1 prevalence during the late spring and the summer seasons of 2012, which may be explained by previous exposure to the virus during the spring season that passed undetected considering the high prevalence we reported in late spring of 2012, as well as the high prevalence in healthy cats [1] .
In contrast to our previous survey in cats [1] , non-significant association of both seasonal H1N1 and H3N2 prevalence with the lower ambient temperatures in the post-pandemic cat sera was observed. Factors that influence the association of the prevalence of seasonal influenza viruses may include the overwhelming prevalence of pandemic H1N1 that does not follow seasonality and the fact that about 50% of samples included in this study were collected during the summer. Moreover, the average temperatures in central Ohio during the period between November 2011 and March 2012 (i.e., the cold season) were elevated by about 0. Statistical analysis also demonstrated that female cats showed higher susceptibility to pandemic H1N1 than male cats. Epidemiological studies in humans, such as those conducted in Thailand [32] , Rwanda [36] and the United States [26] also showed that about 60% of confirmed human cases of pandemic H1N1 were in females. This association may be attributed to the high prevalence of seasonal H3N2 observed in samples collected from female cats, especially those more than 15 years of age (i.e., geriatric). The increased risk of pandemic H1N1 infection and hospitalization in female human beings was attributed to several physiologic and hormonal changes that may alter functionality of the cardiovascular and respiratory systems [22, 37] . However, it is not possible to determine if such changes also apply to female cats in this study, because the vast majority of female cats in the study had been routinely spayed (ovariohysterectomized).
There was no significant association observed between the respiratory illness and any of the influenza subtypes tested. It is likely that the diseased animals showed clinical signs in the acute phase before antibody titer mount. Similar observations were reported in humans, especially with the pandemic H1N1, where 54.4% of seropositive individuals did not experience influenza-like illness [26] . However, the smaller sample size with respiratory signs may have restricted the ability of the statistical model we used to assess such associations. The non-significant association between age and influenza viruses in cats further supports our previous assumption that the shorter life span of cats and the lack of previous exposure to the influenza viruses that are antigenically related to the currently circulating influenza viruses [1] hinder assessment of a possible effect of age on the prevalence of influenza viruses in cats.
In conclusion, our results showed increased seroprevalence of pandemic H1N1 in post-pandemic cat sera over seasonal influenza viruses. Although the epidemiology of the 2009 pandemic H1N1 in cats is similar to that observed in humans with a one year delay, we cannot conclude if this is related to exposure due to human to cat transmission or establishment of the pandemic H1N1 influenza virus in feline population. The virus surveillance along with the serological surveillance studies could help understand future patterns of human influenza viruses in cats. These findings in addition to the increased reports of the susceptibility of cats to avian, human, and other mammalian influenza viruses indicate that cats are an additional influenza host of public health importance.
